Abstract--This paper investigates the use of static var compensator (SVC) to stabilize multi-mode torsional oscillations of sub-synchronous resonance (SSR) of a large turbine generator set and to improve the system transient stability. In this context, the study is performed on a detailed nonlinear model for system-1 of the second IEEE benchmark for computer simulation of subsynchronous resonance using EMTDC/PSCAD. The voltage at the machine terminals along with the generator shaft speed are used to control the number of SVC capacitors which are switched on or off and to generate a proper firing angle for the SVC thyristors to control the reactive power exchange between the AC system and the SVC. Results show that the proposed controller is very effective in damping all SSR modes of the system under study. The proposed controller is efficient, simple, cost effective and easy to implement.
I. INTRODUCTION
UE to the significant increase in power demand, transmission line operators are required to increase transmission line power transfer capability. In this context, they have two options; the first one is to build an additional parallel transmission line which is not a cost effective option especially for long transmission lines. The second option is to use a series-capacitor transmission lines which is a very cost effective option when compared with the former one. However, series-capacitor transmission lines are not without problems. If a resonant frequency of the transmission system is complementary to any one of the torsional oscillating frequencies of the turbine generator mass-spring system, the sub-synchronous resonance (SSR) will develop. The electric resonance of the transmission system and the torsional oscillations of the mass-spring system of the turbine generator set will be mutually excited causing serious shaft oscillations and other damages to the system [1] . The first two shaft failures caused by SSR occurred at Mohave power station in 1970 and 1971 respectively [2] [3] [4] . Since then, an extensive effort has been made to increase torsional mode damping and many countermeasures have been suggested in the literature to damp the SSR. Some suggested solutions include the use of superconducting magnetic energy storage (SMES) unit [5] [6] [7] , shunt reactor controller [8, 9] , thyristor-controlled dynamic Due to the sustainable increase in electric power demand, power systems are becoming larger and more interconnected. As a consequence, transient stability problem has become more serious. If the stability is lost, network collapse may occur with significant financial losses and severe damages to the power grid that could lead to overall blackout [16, 17] . Many solutions have been suggested in the literature to improve the system transient stability. Some suggested solutions include the use of SMES unit [5, [18] [19] [20] Flexible AC transmission systems (FACTS) based on power electronic converters such as STATCOM is being used extensively in power systems because of its ability to provide flexible reactive power flow control [25] . This paper investigates the use of static var compensator (SVC) to enhance the transient stability and to damp the SSR of a steam turbine-generator connected to a large interconnected AC grid via a series-capacitor compensated transmission line.
II. SVC MODELING AND CONTROL
The SVC is basically representing a shunt connected static var generator/absorber whose output is adjusted to exchange capacitive or inductive current with the power system to maintain or to control specific parameters of the electrical power system, typically bus voltage. It is used extensively to provide fast reactive power and voltage regulation support. The firing angle control of the thyristor enables the SVC to have almost instantaneous response.
There are two types of the SVC namely, fixed capacitorthyristor controlled reactor (FC-TCR) and thyristor switched capacitor-thyristor controlled reactor (TSC-TCR). The later type is used in this paper because it is more flexible than FC-TCR and it uses lower reactor rating. Fig. 1shows odel for SSR em. A single bus through mpensated as EEE second the system ystem of the high-pressure r rotor (Gen) the machine ping for the tions, a nondeveloped to network and the torsionally oscillating shaft system of the turbine-generator set. The system has been simulated with all non-linearities such as exciter ceiling voltage and the PI parameters (K P , K I ) limits are included. To demonstrate the effectiveness of the SVC proposed controller in damping SSR of the system under study, the EMTDC/PSCAD program is used to examine the system dynamic performance for a transmission line compensation degree (X C /X L ) = 0.55, machine active power output P 0 =1 pu and machine terminal voltage V t = 1 pu. Fig. 5, Fig. 6 , and Fig. 7 show the dynamic response of the studied system without and with the SVC at the operating conditions mentioned above. Both figures show the generator shaft speed ω g , torsional torque induced in the high-pressure, low-pressure turbines shaft (T HP-LP ) and the low-pressure turbine, generator shaft (T LP-Gen ). Without SVC and due to the lack of system damping, the system at 55% compensation degree of the transmission line is unstable as is evident by the high torsional forces induced in the generator mechanical shaft sections and the significant increment in the shaft speed. The shaft mechanical torque reaches to a crest value of 2 pu which is 300% of the nominal value. If this issue is not attended, it will lead to severe damages in the mechanical shaft. When the SVC is connected at the generator bus, the damping of the synchronous generator is greatly enhanced and the stability margin can be extended as can be shown in Fig. 5,  Fig. 6, and Fig. 7 .
It can also be shown that using a SVC will reduce the high torsional forces on the turbine-generator shaft sections to almost normal steady state values and the settling time decreases substantially. It will also reduce the generator shaft speed oscillations and maintain it at the nominal value.
IV. TRANSIENT STABILITY
The single machine infinite bus (SMIB) system qualitatively exhibits important characteristics of the behaviour of a multi-machine system; it is extremely useful to describe the general concepts of power systems stability and is relatively simple to study. The same system shown in Fig. 4 is thus used to show the effect of SVC in improving system transient stability.
A three phase short-circuit fault is simulated at the middle of the second line. The fault is initiated at t=2 s and is assumed to be cleared at t=2.1 s. The same operating conditions mentioned in the previous section along with 55% compensation degree were maintained during this study. During the short circuit fault the transmitted electrical power decreases significantly while mechanical input power to the generator remains constant; as a result, the generator performance exhibits significant oscillations as clearly shown in the case without SVC (Fig. 9 to Fig. 11 ). The shaft speed increment is more than the previous case shown in Fig. 5 even after clearing the fault. When the fault is cleared at 2.1 s, the shaft speed and machine power angle are continuously oscillating and the system is not able to retain stability due to the lack of damping. As a result of the short circuit fault, 60% voltage sag is introduced at the machine's terminal and the voltage is not recovered after the fault clearance due to the lack of reactive power support. The torque on the mechanical shaft will increase to a level that will cause severe damages to the shaft as can be seen in Fig. 11 .
When the SVC is connected to the generator terminals, reactive power controller adapts the value of the inverter firing angle according to system requirements. The impact of reactive power modulation using SVC on system performance can be seen in Fig. 9 through Fig. 11 . Connecting the SVC to the generator terminals will maintain the rotor speed and the machine angle at their nominal values even during the fault as shown in Fig. 8 and Fig. 10 respectively. The voltage sag at the generator terminals is not significantly improved by connecting the SVC. However, the SVC suppresses all voltage oscillations after fault clearance. The shaft torsional forces will be reduced to almost the normal steady state condition.
The effect of improving system damping and improving overall performance using SVC is very obvious as can be seen in the simulation results. Fig. 8 The machine Speed. 
V. CONCLUSIONS
The dynamic response for the IEEE second bench mark model for SSR studies system without and with the SVC using the proposed controller is examined. Results show that the additional degree of freedom provided by the SVC under the proposed controller significantly improves the system overall performance. The proposed control algorithm can effectively render reactive power support to damp system torsional oscillations and to enhance system transient stability during a three phase short circuit fault. This controller is very simple in its structure and would require very little hardware to implement. The optimization method used to tune the PI parameters is reliable, fast and assure robust parameters selection. 
